DNA helicase B is a major DNA helicase in mouse FM3A cells. A temperature-sensitive mutant defective in DNA replication, tsFT848, isolated from FM3A cells, has a heat-labile DNA helicase B. In this study, we purified DNA helicase B from mouse FM3A cells and determined partial amino acid sequences of the purified protein. By using a DNA probe synthesized according to one of the partial amino acid sequences, a cDNA was isolated, which encoded a 121.5 kDa protein containing seven conserved motifs for DNA/RNA helicase superfamily members. A database search revealed similarity between DNA helicase B and the α subunit of exodeoxyribonuclease V of a number of prokaryotes including Escherichia coli RecD protein, but no homologous protein was found in yeast. The cDNA encoding DNA helicase B from tsFT848 was sequenced and a mutation was found between DNA/RNA helicase motifs IV and V.
INTRODUCTION
The genetic information on a DNA strand is normally covered by a complementary strand and exposed only during DNA transaction processes such as DNA replication, repair, recombination and transcription. The unwinding of double-helical DNA is catalyzed by a class of enzyme designated DNA helicase. These enzymes accomplish the task by using the energy generated by ATP hydrolysis, so that they retain an intrinsic DNA-dependent ATPase activity (1) .
A large number of mammalian DNA helicases have been identified, and the functions in cellular metabolism of some have been characterized. Two examples are the DNA helicases functioning in DNA excision repair, ERCC2 and ERCC3 (2, 3) . These enzymes are also known as subunits of the transcription factor, TFIIH (4, 5) . Recently, a class of mammalian DNA helicases that share similarity with Escherichia coli RecQ DNA helicase was identified. Five mammalian DNA helicases are classified into this group, and three of five genes encoding RecQ family helicases are found to be responsible for the genetic disorders Bloom syndrome, Werner syndrome and Rothmund-Thomson syndrome (6) (7) (8) (9) .
Mcm proteins were originally identified in a screen for mutations of budding yeast that were defective in replication of minichromosomes. Six Mcm proteins (Mcm2-7) are known to be involved in the initiation of DNA replication (10) , and a complex of Mcm4, 6 and 7 possesses DNA helicase activity (11) . Hence, the DNA helicase activity of the Mcm protein complex is thought to be involved in DNA replication in eukaryotic cells. Although analysis of human genetic disorders and yeast genetics has shed light on the physiological functions of some mammalian DNA helicases, the function of most of those originally identified by biochemical activity remains unknown.
We have isolated a temperature-sensitive mutant defective in DNA replication, tsFT848, from a mouse mammary carcinoma cell line, FM3A (12) . Characterization of tsFT848 cells revealed that a major DNA-dependent ATPase activity in the mutant cells was diminished during incubation at the nonpermissive temperature, 39°C. The DNA-dependent ATPase activity was found to be derived from a DNA helicase, DNA helicase B, whose biochemical properties we have characterized in detail (13) (14) (15) . DNA helicase B is one of the mammalian proteins first identified as DNA helicases (14, 15) . The helicase stimulates primer RNA synthesis by DNA primase on M13 single-stranded DNA (16) and supports DNA replication in a model system which consists of plasmid DNA containing an autonomously replicating sequence from Saccharomyces *To whom correspondence should be addressed. Tel: +81 22 217 6876; Fax: +81 22 217 6873; Email: tada@mail.pharm.tohoku.ac.jp cerevisiae, replication protein A, DNA polymerase α-primase complex and DNA gyrase (17, 18) .
In this study, we have purified DNA helicase B from FM3A cells, isolated its cDNA and identified a mutation in the DNA helicase B of tsFT848 cells. FM3A cells (1 × 10 11 ) were suspended in 650 ml of buffer 1 supplemented with 10 mM NaHSO 3 (buffer 1′) and homogenized by sonication. Extraction was performed with stirring for 30 min on ice after an addition of 1/10 vol of buffer 1′ containing 3.3 M KCl to adjust the salt concentration to 0.3 M KCl. The extract was cleared by centrifugation at 100 000 g for 60 min. DNA helicase B was purified by sequential column chromatography on first and second DEAE-cellulose (Brown), phosphocellulose (P11, Whatman), Bio-Gel HTP (Bio-Rad), single-stranded DNA cellulose, first Mono Q HR5/5 (Pharmacia), Mono S HR5/5 (Pharmacia) and second Mono Q HR5/5, as described previously (12, 16) .
MATERIALS AND METHODS

Purification
The active fraction eluted from the second Mono Q column was dialyzed against buffer 2 (20 mM potassium phosphate buffer, pH 7.5, 0.1 mM EDTA, 1 mM 2-mercaptoethanol, 0.25 mM PMSF, 20% ethyleneglycol and 0.02% Triton X-100) containing 100 mM KCl and 50% glycerol, and stored at -80°C.
Determination of partial amino acid sequences of DNA helicase B
Purified DNA helicase B (50 µg) was subjected to 7.5% SDS-PAGE and stained with 0.2% Coomasie brilliant blue R-250. A gel piece containing a 130 kDa protein band was excised and immersed in a buffer containing 125 mM Tris-HCl, pH 6.8, 0.1% SDS, 2.5 mM dithiothreitol, 1 mM EDTA and 20% sucrose for 15 min, twice. Then, the gel piece was subjected to a second SDS-PAGE.
The separating gel for the second SDS-PAGE was 15% polyacrylamide (2 mm thick) containing 375 mM Tris-HCl, pH 8.8, 0.1% SDS and 1 mM EDTA, and the stacking gel was 5% polyacrylamide containing 125 mM Tris-HCl, pH 6.8, 0.1% SDS and 1 mM EDTA (second stacking buffer). Prior to loading of the gel piece, 2 µg of Achromobacter protease I (Lysyl Endopeptidase, Wako) was made to migrate into the stacking gel with a constant current at 65 mA for 10 min using a second stacking buffer for the cathode buffer. The gel piece was applied onto the polyacrylamide gel containing Achromobacter protease I and electrophoresed with a constant current at 30 mA until both the 130 kDa protein and the protease had migrated to the boundary between the stacking gel and the separating gel. The electrophoresis was then stopped for 30 min to allow the 130 kDa protein to be digested and resumed with a constant current at 65 mA for ∼1.5 h.
The digests in the second separating gel were electrically transferred onto Glassy Bond (Biometra) with a constant current at 0.3 mA for 2 h and stained with 0.2% Coomasie brilliant blue R-250. Stained bands on Glassy Bond were excised and analyzed by a Model 477A automated gas-phase protein sequencer (Applied Biosystems).
Screening for cDNA encoding DNA helicase B
The synthetic DNA (10 pmol) encoding one of the determined partial amino acid sequences of DNA helicase B was labeled with 50 pmol of [γ-32 P]ATP using 10 U of T4 polynucleotide kinase, and separated from unused ATP by using Microspin S-300 HR (Pharmacia).
The labeled oligodeoxyribonucleotide was used as a probe for screening a poly(dT)-primed fetal mouse brain cDNA library in λgt10. More than 6 × 10 5 phage plaques transferred to nitrocellulose membranes were screened by plaque hybridization. Prehybridization proceeded at 68°C for 5 h in a solution containing 6× SSC (1× SSC; 150 mM NaCl, 15 mM sodium citrate), 1× Denhardt's solution (0.02% Ficoll, 0.02% bovine serum albumin, 0.02% polyvinylpyrolidone) and 20 µg/ml of heat-denatured salmon sperm DNA. Hybridization was performed overnight at 60°C in a buffer containing 50 mM Tris-HCl, pH 8.0, 1× Denhardt's solution, 1 M NaCl, 10 mM EDTA, 0.1% SDS, 50 µg/ml heat-denatured salmon sperm DNA and the 32 P-labeled oligodeoxyribonucleotide probe. The membranes were rinsed twice with 2× SSC and 1× blot-wash buffer (1× SSC, 10 mM sodium phosphate and 0.025% SDS) for 10 min each at room temperature and at 68°C. The membranes were air-dried and subjected to autoradiography. Positive plaques were purified further.
Determination of a mutation point of DNA helicase B in tsFT848
Total RNA was prepared from FM3A and tsFT848 cells with TRIZOL (Gibco). Poly(A) + -RNA derived from wild-type FM3A cells and tsFT848 cells was purified from total RNA with Oligotex-dT30 (Roche). cDNA was prepared from the poly(A) + -RNA by using oligo(dT) primer and First-Strand cDNA Synthesis Kit (Pharmacia). cDNAs encoding DNA helicase B were amplified by PCR with the primers indicated in Figure 3A . Pairs of primers used for the PCR were 2F-1314R, 612F-1700R, 1129F-2406R and 1965F-3298R. The PCR products were subjected to DNA sequencing to determine mutation sites in tsFT848 DNA helicase B.
Other methods
DNA-dependent ATPase activity was measured as described previously (13) . One unit of ATPase activity was defined as the amount of enzyme needed to hydrolyze 1 nmol ATP/h at 37°C. Substrate for DNA helicase assay was prepared as described (15) with 21mer oligodeoxyribonucleotide complementary to M13mp19. The reaction and electrophoresis for the DNA helicase assay were carried out as described (15) . SDS-PAGE was performed according to Laemmli's method (19) .
RESULTS
Purification of mouse DNA helicase B
DNA helicase B was purified from 1 × 10 11 mouse FM3A cells by sequential column chromatography using DNA-dependent ATPase activity as an index. The elution profile for ATPase activity on the second MonoQ column, the last column used in the purification, is shown in Figure 1A . The ATPase activity was eluted in fractions 68 to 78 with a peak at ∼280 mM KCl and was markedly stimulated by the addition of heat-denatured calf thymus DNA, indicating that the activity was DNA-dependent. The purified fraction contained 280 800 U of DNA-dependent ATPase activity and 331 µg of protein (848 441 U/mg). The specific activity of the DNA-dependent ATPase in the final fraction was increased 3270-fold as compared with that of the crude extract; however, the increase in the purity of DNA helicase B was not clear because of the existence of multiple ATPases in the crude extract. Bars in Figure 1A show DNA helicase activity in the fractions measured by release of 32 P-labeled 21mer oligodeoxyribonucleotide from singlestranded circular M13mp19 DNA. A considerable amount of DNA helicase activity was also detected in fractions 69 to 78, suggesting that the protein in the eluted fraction possessed both DNA-dependent ATPase and DNA helicase activities.
Proteins in the eluted fractions were analyzed by SDS-PAGE (Fig. 1B) . Although several bands were detected on the gel, only one protein band at 130 kDa showed a good correlation to the activities of DNA-dependent ATPase and DNA helicase. In addition, SDS-PAGE of a fraction obtained by a similar purification process showed a clear 130 kDa band with fewer contaminating bands (16) . We presumed that the 130 kDa protein was DNA helicase B, and proceeded to determine partial amino acid sequences of the protein as described in Materials and Methods. Three partial amino acid sequences were determined (Fig. 2, dots) and the longest one (Ile-LysGln-Asp-Phe-Glu-Ser-Ser-Thr-Arg-Leu-X-Asn-Gly-GluIle-Phe-Phe) was used to synthesize DNA probes for screening a cDNA library.
Molecular cloning of cDNA encoding mouse DNA helicase B
Possible nucleotide sequences corresponding to the middle of the determined amino acid sequence (Ser-Ser-Thr-Arg-Leu-X) were so diverse that we sequenced this region by RT-PCR using total RNA from FM3A cells. Oligodeoxyribonucleotides encoding six amino acids from the N-terminus (5′-ATI AAA/G CAA/G GAT/C TTT/C GA-3′, where I indicates inosine) and nucleotide sequences in the complementary strand encoding six amino acids from the C-terminus (5′-AAA/G AAI ATT/C TCI CCA/G TT-3′) were synthesized and used for PCR primers. The PCR product migrating at a position of 53 bp on a 12% polyacrylamide gel was extracted and subjected to DNA sequencing. A 53mer oligodeoxyribonucleotide (5′-ATI AAA/G CAA/G GAT/C TTT/C GAA AGC AGC ACC CGC CTG TGC AAT/C GGI GAA/G ATI TTT/C TT 3′) was synthesized according to the sequence and used for screening a fetal mouse brain cDNA library.
The screening of 6 × 10 5 plaques yielded two positive clones. The cDNA inserts of these clones were subcloned into pUC19 plasmid. Sequencing of these cDNA clones revealed that one clone was a part of the other clone. The longer clone (clone 1) consisted of 3232 bp, and the N-terminus of the protein was not encoded by this cDNA. To obtain cDNA encoding the N-terminus of the protein, DNA was amplified by PCR from the fetal mouse brain cDNA library using a primer corresponding to nucleotides 67 to 84 of clone 1 (5′-TCT GCA TTT GCG ACG TGT-3′) and a primer of 24 nt corresponding to the cloning site of λgt10 (5′-CTT ATG AGT ATT TCT TCC AGG GTA-3′). PCR was performed again using a primer corresponding to nucleotides 38 to 55 of clone 1 (5′-TCT AAC ATG GTC ATC GCC-3′) and the λgt10 primer used in the first PCR. The second PCR product was analyzed by Southern blotting with an oligodeoxyribonucleotide corresponding to nucleotides 1 to 37 of clone 1 as a probe. The largest positive band was subcloned into pUC19 and the DNA sequence was analyzed.
We finally cloned a 4464 bp cDNA with an open reading frame of 3222 bp. The result of DNA sequence analysis was confirmed more than three times with DNA products amplified by PCR from the cDNA library or by RT-PCR of FM3A mRNA. The amino acid sequence deduced from the open reading frame is shown in Figure 2 . The open reading frame encodes a protein of 1074 amino acids with a predicted molecular weight of 121 483.5. All of the three determined partial amino acid sequences are contained in the amino acid sequence (Fig. 2, dots) , indicating that the cDNA clone encodes the 130 kDa protein that we purified.
A search of amino acid sequence databases indicated that the protein had similarity to the YrrC protein of Bacillus subtilis and the α subunit of exodeoxyribonuclease V of several prokaryotes including E.coli RecD protein (Fig. 2) , although no significant similarity was detected with known yeast proteins. The identity and similarity of amino acid sequences between mouse DNA helicase B and E.coli RecD protein are 11.1 and 16.9%, respectively, while between mouse DNA helicase B and B.subtilis YrrC protein they are 16.5 and 26.0%, respectively. The similarity revealed seven conserved helicase motifs, I, Ia, II, III, IV, V and VI (20) , in the deduced amino acid sequence (Fig. 2, underlined) , suggesting that the protein encoded by the isolated cDNA possessed DNA/RNA helicase activity. Accordingly, we concluded that the cDNA is the one encoding DNA helicase B. The motifs in mouse DNA helicase B are 46.8% identical and 66.1% similar to the motifs in E.coli RecD protein, and 42.7% identical and 71.0% similar to the motifs in B.subtilis YrrC protein.
Determination of a mutation site of DNA helicase B in tsFT848 cells
We previously reported that partially purified DNA helicase B from tsFT848 cells, a temperature-sensitive mutant of mouse FM3A cells, was more heat-labile than wild-type enzyme at the non-permissive temperature (12) . Thus, we next investigated the mutation site(s) of DNA helicase B of the mutant cell. The four pairs of PCR primers indicated in Figure 3A were used and each segment of the cDNA was amplified by RT-PCR from poly(A) + -RNA prepared from FM3A and tsFT848 cells. Amplified DNAs were directly subjected to DNA sequence analysis. Every segment was amplified and analyzed using different preparations of poly(A) + -RNA more than three times to confirm the results.
The results revealed that only one nucleotide of mutant DNA helicase B cDNA was divergent from the wild-type. The charts obtained with the automated DNA sequencer are shown in Figure 3B . The thymine residue at 2199 in wild-type DNA helicase B cDNA was changed to guanine, resulting in the conversion of phenylalanine at 724 to cysteine. This position resides in between helicase motifs IV and V (Fig. 3A, arrowhead) .
DISCUSSION
In this study, we have purified DNA helicase B, determined three partial amino acid sequences of the helicase, and cloned cDNAs encoding the enzyme by using a DNA probe prepared based on the longest of the partial amino acid sequences. The isolated cDNA was 4464 bp long and contained a 3222 bp open reading frame encoding a 1074 amino acid protein with a molecular weight of 121 483.5. The amino acid sequence deduced from the open reading frame contained the three partial sequences and seven motifs conserved in the DNA/ RNA helicase superfamily, indicating that the cDNA actually encodes DNA helicase B.
A search of protein sequence databases revealed that the helicase motifs of DNA helicase B share remarkably high homology with those of the YrrC protein of B.subtilis and the α subunit of exodeoxyribonuclease V of various prokaryotes including E.coli. Although the homology is mainly observed in the helicase motifs, several homologous regions can be seen outside the motifs. Since helicase motifs share only limited homology between DNA/RNA helicases in general, it seems likely that DNA helicase B and the α subunit of exonuclease V in prokaryotes are structural homologs that have evolved from the same ancestor. On the other hand, it cannot plausibly be argued that mouse DNA helicase B is a functional homolog of E.coli RecD, because it acts as a DNA helicase without forming a hetero-complex with other proteins such as RecB or RecC. It is important to reveal the necessity of a DNA helicase containing a RecD-like structure in higher eukaryotes.
DNA helicase B in tsFT848 cells was inactivated by incubating cells at a non-permissive temperature, and a partially purified form from the mutant cells was inactivated more rapidly than that from wild-type cells upon incubation at 40°C. Thus, we assumed that DNA helicase B of the mutant cells carried a mutation and this mutation was responsible for the defect in DNA replication (12) . Molecular cloning of the cDNA encoding the helicase allowed us to identify mutation points in tsFT848 cells. The mutation point of the DNA helicase B of tsFT848 cells was located in the sequence between motifs IV and V. Since this intervening sequence is very long compared with other intervening sequences, it seems likely that this region plays an important role in maintaining the spatial relationship between DNA helicase motifs I-IV and motifs V-VI, and at a non-permissive temperature, the spatial relationship is destroyed due to the mutation.
The physiological function of DNA helicase B seems to be related to DNA replication, but is still unknown. To obtain more information about the function of DNA helicase B, we analyzed the arrest point of the mutant cells in the cell cycle by immunostaining of chromatin-bound Mcm4, the staining patterns of which are gradually changed as S-phase proceeds. The result indicated that tsFT848 cells were arrested at early S-phase at a non-permissive temperature, suggesting that the helicase functions in the early stage of S-phase (Y.Kusa, T.Kobayashi, M.Seki, S.Tada and T.Enomoto, unpublished observation). One possible role of the enzyme is to function as a replicative helicase that unwinds double-stranded DNA ahead of the replication machinery. The MCM complex is known to be important in some aspects of DNA replication and to have DNA helicase activity (11, 21, 22) , suggesting that the protein complex acts as a replicative DNA helicase. Nevertheless, it is possible that there are other DNA helicases that move ahead of the DNA replication forks, because the processivity of the helicase in the MCM complex is low. Our preliminary results, however, indicated that DNA helicase B was not necessarily localized to replication sites as revealed by staining with an anti-BrdU antibody (T.Kobayashi, M.Seki, S.Tada and T.Enomoto, unpublished observation).
Another possible function for the helicase is to remove barriers ahead of the DNA replication machinery, which may include nucleosome structures. Indeed, the RecBCD complex from E.coli was reported to be able to unwind DNA with a nucleosomal structure (23) . T4 Dda, which is a DNA helicase with similarities to E.coli RecD (24), was able to overcome the inhibitory function of nucleosomes in the T4 bacteriophage DNA replication system (25) . In addition, a T4 bacteriophage with a mutation in the dda gene is defective in DNA replication despite the fact that the replicative DNA helicase of the bacteriophage is not Dda but the gene41 product. Thus, because of the similarity of DNA helicase B to RecD, it is conceivable that DNA helicase B functions to remove barriers ahead of the DNA replication machinery.
There are a number of possible stages during S-phase in which the DNA helicase could be involved. It also cannot be ruled out that the enzyme is involved in the resolution of duplicated chromosomes together with DNA topoisomerases. We believe that elucidation of the function of DNA helicase B will uncover a new aspect of DNA metabolism that employs DNA helicase with significant structural similarity to prokaryotic proteins.
